In the present work, the use of porous titanium is proposed as a solution to the difference in stiffness between the implant and bone tissue, avoiding the bone resorption. Conventional powder metallurgical technique is an industrially established route for fabrication of this type of material. The results are discussed in terms of the influence of compaction pressure and sintering temperature on the porosity (volumetric fraction, size, and morphology) and the quality of the sintering necks. A very good agreement between the predicted values obtained using a simple 2D finite element model, the experimental uniaxial compression behavior, and the analytical model proposed by Nielsen, has been found for both the Young's modulus and the yield strength. The porous samples obtained by the loose sintering technique and using temperatures between 1000 • C −1100 • C (about 40% of total porosity) are recommended for achieving a suitable biomechanical behavior for cortical bone partial replacement.
Introduction
Titanium and titanium alloys have been widely used as orthopedic implant materials due to their excellent mechanical and corrosion resistance, as well as their adequate biological behavior [1] [2] [3] [4] [5] [6] [7] [8] . However, the stiffness of titanium is higher (100-110 GPa) than that of the cortical bone (20) (21) (22) (23) (24) (25) , which produces the stress-shielding phenomenon, promoting bone resorption surrounding the implant and compromising, in these cases, the implants reliability (clinical success). Despite the excellent advances, between 5% and 10% of bone implants can fail due to different causes during the five-year post-implantation period. Focusing on dental implants, after 10-15 years, survival rates over 89%, as well as a significant percentage of revision surgery (20%) to replace the failed implants (overload, peri-implantitis, etc.) have been reported [9] . Additionally, shorter recovery and loading times (e.g., immediate loading implants) are necessary to keep the quality of life of the patients. The design and manufacture of materials with a Young's modulus close to that of cortical bone has been widely addressed in the scientific literature [10] [11] [12] [13] . Among the possible solutions proposed are the use of metastable β-titanium alloys [14] [15] [16] [17] [18] and/or porous materials [19] [20] [21] [22] [23] [24] [25] [26] [27] . The bibliography includes up to 34 porous metal processing routes. All of them are summarized in the Doctoral Thesis of P. Trueba, and even a novel classification is proposed according to the state of the starting material [28] . In this context, some works show the limitations in controlling the quantity, size, distribution, and morphology of the pores by conventional techniques. Other works report the high cost and the difficulty in obtaining reproducible and versatile results using the new processing routes (laser sintering, spark plasma walls, Ethlyne-Bis-Stearamide (EBS) wax was used during the compaction. The powder mass used to obtain the specimens with the suitable dimensions (height/diameter: 0.8 and 1.2) for compression and ultrasound tests were 5.14 and 13.21 g, respectively. These values were calculated taking into account the most unfavorable (no porosity) situation. At least three porous samples were manufactured for each condition.
Porosity Characterisation
The density measurements were performed using the Archimedes' method with distilled water impregnation (ASTM C373-88). The total and interconnected porosity were calculated from the density measurement by using well-known mathematical expressions [49] . In addition, the total porosity (θ), the equivalent diameter (D eq ), and the pore elongation factor (F e , ratio between major and minor axis of ellipse equivalent to pore) were evaluated by image analysis, using an optical microscope Nikon Epiphot (Nikon, Tokyo, Japan) coupled with a camera Jenoptik Progres C3 (Jenoptik, Jena, Germany), and the suitable analysis software (Image-ProPlus 6.2, Mediacibernetic, Bethesda, MD, USA). To perform this study, a conventional metallographic preparation of the specimen was necessary, including resin mounting, grinding, and mechano-chemical polishing with magnesium oxide (MgO) and hydrogen peroxide (H 2 O 2 ). Image analysis was performed using 5 pictures of 5x for each sample (one for each kind of material).
Mechanical Testing
The mechanical properties of the different porous materials were measured using two different methodologies. Firstly, through the uniaxial compression testing, according to the general Standard ASTM E9-89A and, particularly, the Standard for Mechanical testing of metals-ductility testing-compression test for porous and cellular metals (ISO 13314: 2011), with a height/diameter aspect ratio of 0.8. The tests were performed using a universal electromechanical Instron machine 5505 (Instron, HighWycombe, UK) by applying a strain rate of 0.005 mm/mm·min. All tests were finished for a 50 pct strain and, afterwards, Young modulus (E c ) and yield strength (σ y ) were obtained. The Young's modulus from the compression stress-strain curves was corrected with the testing machine stiffness (87.9 kN/mm). At least three different specimens were tested for each porous material under study. Furthermore, the value of dynamic Young's modulus (E d ) was also evaluated through the ultrasound technique, using a Krautkramer USM 35 equipment (GE Measurement & Control Solutions, Minden, Germany). To evaluate longitudinal waves, a Panametrics S-NDT (Olympus, Tokyo, Japan) probe of 4 MHz and an ultrasonic couplant fluid (Sonotrace grade 30) was used, while for cross-sectional waves, a Panametric S-V153 probe of 1 MHz/.5 and a shear wave couplant (Panametric S-NDT, Olympus, Tokyo, Japan) was used. Finally, from the values obtained and by a proper mathematical expression, the dynamic Young's modulus was calculated [50] .
Finite Element Modelling
In the present work, a FE model previously proposed by the authors [43, 44] was used. This numerical model combines the simplicity of a 2D periodic geometry with the complex information of the pore morphology extracted from experimentation. Thanks to the low computational cost of the FE model, a large number of simulations could be carried out in order to obtain more reliable results. The methodology to generate the 2D simulated microstructure is explained as follows (see Figure 1 ):
The baseline configuration consisted of a square matrix with a side length a, with a series of nxn pores periodically distributed inside. The number of pores along any direction, n, had to be chosen to ensure a minimum representative volume element (RVE), which gives reliable results in the simulations. On the other hand, the ratio between the side length and the average pore equivalent diameter (a/D eq ) determined the total porosity of the simulated geometry. Once the defining parameters (D eq , a, n) were determined, the pores are generated in a uniform spatial distribution, but with a pore morphology (D eq and F e ) randomly generated following a normal distribution from the experimental data. In addition, the pore orientation was also randomly generated following a uniform distribution. The baseline configuration consisted of a square matrix with a side length a, with a series of nxn pores periodically distributed inside. The number of pores along any direction, n, had to be chosen to ensure a minimum representative volume element (RVE), which gives reliable results in the simulations. On the other hand, the ratio between the side length and the average pore equivalent diameter (a/Deq) determined the total porosity of the simulated geometry. Once the defining parameters (Deq, a, n) were determined, the pores are generated in a uniform spatial distribution, but with a pore morphology (Deq and Fe) randomly generated following a normal distribution from the experimental data. In addition, the pore orientation was also randomly generated following a uniform distribution.
The simulated microstructure was comprised of two different phases: Titanium matrix and pores. The mechanical properties of grade IV c.p. Ti were used to describe the behavior of the titanium matrix [42] : Young's Modulus, Edense = 110 GPa, yield strength, σy-dense = 650 MPa, and Poisson's ratio, ν = 0.33. In order to describe the hardening plasticity behavior of titanium, an isotropic hardening with a very small tangent modulus ET = 1 GPa was used. To describe the pores, a linear elastic material with very low Young's modulus (E = 10 −7 GPa) and Poisson's ratio (ν = 0.33) was used in order to avoid possible computational difficulties.
In the simulations, the boundary conditions were defined as follows: The bottom boundary is fixed in the y-direction; the left boundary is fixed in the x-direction; the right boundary with coupling constraint in the x-direction (all points of the right boundary have the same displacement in x-direction). A displacement boundary condition of up to 1% macroscopic strain was applied on the upper boundary in the y-direction. The use of displacement conditions allows an easy control of the calculation steps, being very helpful to obtain the stress/strain information. All 2D geometries had been meshed with eight-node biquadratic plane strain elements. All finite element simulations had been performed using the commercial finite element code ANSYS. Mesh convergence had been verified based on overall and local stress values.
Results and Discussion

Porosity Characterisation
The porosity distribution obtained from image analysis of the different porous samples studied are shown in Figure 2 . The contents (vol.%) and morphological parameters of the pores (equivalent diameter (Deq) and pore elongation factor (Fe)), and the total and interconnected porosity (θ and θi, respectively) are summarized in Table 1 . The porosity analysis reveals a clear influence of the pressure of compaction and the sintering temperature. Higher values of Pc and Ts lead to lower values of porosity (higher density) and to smaller pores (lower equivalent diameters), mostly isolated and rounded (higher elongation factor), as could be expected. It should be pointed out that the porosity values measured by the Archimedes' method was reasonably in agreement with the The simulated microstructure was comprised of two different phases: Titanium matrix and pores. The mechanical properties of grade IV c.p. Ti were used to describe the behavior of the titanium matrix [42] : Young's Modulus, E dense = 110 GPa, yield strength, σ y-dense = 650 MPa, and Poisson's ratio, ν = 0.33. In order to describe the hardening plasticity behavior of titanium, an isotropic hardening with a very small tangent modulus E T = 1 GPa was used. To describe the pores, a linear elastic material with very low Young's modulus (E = 10 −7 GPa) and Poisson's ratio (ν = 0.33) was used in order to avoid possible computational difficulties.
Results and Discussion
Porosity Characterisation
The porosity distribution obtained from image analysis of the different porous samples studied are shown in Figure 2 . The contents (vol.%) and morphological parameters of the pores (equivalent diameter (D eq ) and pore elongation factor (Fe)), and the total and interconnected porosity (θ and θ i , respectively) are summarized in Table 1 . The porosity analysis reveals a clear influence of the pressure of compaction and the sintering temperature. Higher values of P c and T s lead to lower values of porosity (higher density) and to smaller pores (lower equivalent diameters), mostly isolated and rounded (higher elongation factor), as could be expected. It should be pointed out that the porosity values measured by the Archimedes' method was reasonably in agreement with the porosity estimation done by image analysis. In addition, the interconnected porosity was always lower than the total porosity and showed a similar trend. In this context, a sintering temperature and a compacting pressure reduction produced the largest pores and more irregular shape because of the coalescence of the smaller ones. The pore sizes obtained by conventional PM routes at low pressures and loose sintering are insufficient to ensure the bone ingrowth requirements (interconnected porosity and sizes larger than 100 µm are required). However, previous studies have confirmed the role of surface roughness inside pores on cell differentiation and osteoblast adhesion [43, [51] [52] [53] . The inner surfaces of pores obtained by loose sintering are less rough (adhesion of osteoblasts is poor) than those obtained by applying pressure during compaction. Inside the pores, osteoblast cells attached to the walls perceive higher load transfer and this local stress will promote cell differentiation and mineralization and, therefore, the potential implant osseointegration [54] .
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Mechanical Behavior
As it has been previously mentioned, the mechanical properties of the porous compacts have been measured using two different methodologies (see Table 2 ): The uniaxial compression test (Young's modulus and yield strength) and the ultrasounds technique (dynamic Young's module). As it has been pointed out by the authors in previous work [43, 45, 46] , a discrepancy between the Young's modulus obtained through both experimental approaches (compression test and ultrasounds) has been encountered. Greiner et al. (2005) [55] linked this to a super-elastic deformation within the linear-elastic range of NiTi materials; the stiffness measured by the ultrasonic technique decreases with increasing porosity, in agreement with elastic Eshelby-based theory for closed, spherical porosity. Torres et al. [46] reported a similar trend for others porous materials and related this difference to a stiffness testing machine effect in which the mechanical system and the sample were considered as two springs in series. Moreover, it must be remembered that the Ti matrix is different at each cross-section of the cylindrical sample during a compression test; the material collapse starts at the section with the lowest titanium content. However, in the ultrasonic technique, the Young's modulus is estimated as a function of the wave velocity, which goes through all the sections of the sample. Therefore, a change in one of four parameters (time of transfer, attenuation, reflection, and frequency) associated with the high-frequency waves transition from side to side of the material, could be linked to variations of physical properties such as Young's modulus, density, or homogeneity in the microstructure. In these works, the reliability and certainty of the ultrasound measurements were validated by comparing them to a well-known and accepted pore-elasticity model proposed by Nielsen [56] , which includes porosity parameters experimentally determined. Consequently, the Young's modulus obtained from the ultrasound technique seems to be more reliable than that obtained from compression tests. The porous samples obtained by loose sintering and 1100 • C have the most suitable biomechanical behavior in terms of guaranteeing the requirements of the cortical bone tissue (E = 20-25 GPa and σ y = 150-180 MPa, respectively). In order to clearly observe the influence of both processing variables (pressure of compaction, P c , and sintering temperature, T s ) on the mechanical properties of the processed compacts, the experimental results summarized in Table 2 are plotted in Figure 3 . With the aim of showing the influence of the total porosity, θ, on the mechanical properties, the values of this variable have also been included in the graphs. In order to clearly observe the influence of both processing variables (pressure of compaction, Pc, and sintering temperature, Ts) on the mechanical properties of the processed compacts, the experimental results summarized in Table 2 are plotted in Figure 3 . With the aim of showing the influence of the total porosity, θ, on the mechanical properties, the values of this variable have also been included in the graphs. In view of the results displayed in Figure 3 , several conclusions can be drawn. On the one hand, the mechanical properties of the porous compacts depend on both processing variables (Pc and Ts), being the sintering temperature the more influential one. As it can be expected, both compression strength and Young's modulus decrease as the porosity increases. It should be noted that, although the total porosity is the more influential porosity variable, there is also a noticeable influence of the other porosity variables related to the pore morphology (Deq and Fe) on the mechanical properties, especially on the yield strength. In this regard, the reduction in mechanical strength was more representative, as expected, for larger pores. This trend is related to the increasing titanium remaining in the matrix, as well as to softer pores contours (greater Ff), and to the better quality of the sintering necks, associated with a better cold welding of titanium powders and a decrease in surface energy (coalescence of titanium particles at higher sintering temperatures). The pores act like notches that produce stress concentrations ("notch strengthening"), besides reducing strength effective area. Within this context, it is expected that some changes from a close to an open porosity regime will generate a triaxial effect that can partially compensate for the strength loss associated with any increase of porous fraction. Therefore, under interconnected porosity conditions, yield strength will not be drastically reduced due to increments in porosity, which is the case when isolated porosity is increased. It can be concluded that, by varying the processing variables (Pc and Ts), the total porosity of the porous material can be carefully controlled, and thus, the desired mechanical properties.
Finite Element Method Results
Following the methodology presented in Section 2.4 and making use of the main porosity characteristics shown in Table 1 , several finite element geometries have been randomly generated for each porous material under study. Following this methodology, 60 different geometries (5 for each of the 12 porous materials under study) have been generated and used in simulations. One of In view of the results displayed in Figure 3 , several conclusions can be drawn. On the one hand, the mechanical properties of the porous compacts depend on both processing variables (P c and T s ), being the sintering temperature the more influential one. As it can be expected, both compression strength and Young's modulus decrease as the porosity increases. It should be noted that, although the total porosity is the more influential porosity variable, there is also a noticeable influence of the other porosity variables related to the pore morphology (D eq and F e ) on the mechanical properties, especially on the yield strength. In this regard, the reduction in mechanical strength was more representative, as expected, for larger pores. This trend is related to the increasing titanium remaining in the matrix, as well as to softer pores contours (greater F f ), and to the better quality of the sintering necks, associated with a better cold welding of titanium powders and a decrease in surface energy (coalescence of titanium particles at higher sintering temperatures). The pores act like notches that produce stress concentrations ("notch strengthening"), besides reducing strength effective area. Within this context, it is expected that some changes from a close to an open porosity regime will generate a triaxial effect that can partially compensate for the strength loss associated with any increase of porous fraction. Therefore, under interconnected porosity conditions, yield strength will not be drastically reduced due to increments in porosity, which is the case when isolated porosity is increased. It can be concluded that, by varying the processing variables (P c and T s ), the total porosity of the porous material can be carefully controlled, and thus, the desired mechanical properties.
Following the methodology presented in Section 2.4 and making use of the main porosity characteristics shown in Table 1 , several finite element geometries have been randomly generated for each porous material under study. Following this methodology, 60 different geometries (5 for each of the 12 porous materials under study) have been generated and used in simulations. One of the five geometries for each porous material under study has been chosen as "representative" and presented in Figure 4 . Note that, for each geometry, the values of the total porosity (θ) and side length (a) have been included in the figure.
It is important to note that the porous geometries used in the numerical model (some of which have been presented in Figure 4 ) are not the same as the porous geometries extracted from the experiments (some of which have been presented in Figure 2 ). In fact, they do not need to be the exactly the same, but "statistically similar", as is explained as follows. The FE geometries have been randomly generated following the statistical information of the porosity in real compacts by image analysis. This way, both geometries (FE and experimental one) have the same porosity level and the same statistical distribution of the main pore morphology characteristics (elongation factor and diameter). Consequently, both geometries are similar and can be expected to behave similarly. the five geometries for each porous material under study has been chosen as "representative" and presented in Figure 4 . Note that, for each geometry, the values of the total porosity (θ) and side length (a) have been included in the figure. It is important to note that the porous geometries used in the numerical model (some of which have been presented in Figure 4 ) are not the same as the porous geometries extracted from the experiments (some of which have been presented in Figure 2 ). In fact, they do not need to be the exactly the same, but "statistically similar", as is explained as follows. The FE geometries have been randomly generated following the statistical information of the porosity in real compacts by image analysis. This way, both geometries (FE and experimental one) have the same porosity level and the same statistical distribution of the main pore morphology characteristics (elongation factor and diameter). Consequently, both geometries are similar and can be expected to behave similarly.
Making use of the FE model, series of compression tests under displacement control up to 1% macroscopic strain have been simulated. From them, the predicted uniaxial stress-strain responses have been obtained and presented in Figure 5 , for each of the 60 different simulations performed. Making use of the FE model, series of compression tests under displacement control up to 1% macroscopic strain have been simulated. From them, the predicted uniaxial stress-strain responses have been obtained and presented in Figure 5 , for each of the 60 different simulations performed.
From the obtained stress-strain curves, the average response for each porous material is summarized in Table 3 , where the predicted Young's modulus and the 0.2% offset yield strength are listed in terms of overall average ± standard deviation. Notice that, in the results obtained from the simulations, the corresponding standard deviation for each case has been included. Thanks to the low computational cost of the proposed FE model, an important number of simulations can be carried out to obtain more feasible and representative predictions. As previously mentioned, five different geometries have been generated for each porous material under study. Consequently, from these five "virtual experiments", we can obtain an average value and a standard deviation for each prediction.
From the results summarized in Table 3 , several conclusions can be drawn. Firstly, one expected trend: An increase in the compaction pressure and sintering temperature leads to an increase in both material properties, Young's modulus, and yield strength. These results can be easily explained in view of the porous geometries presented in Figure 4 . At lower values of P c and T s , the porosity level increases and, therefore, the fraction of the matrix bearing stress also decreases. This is due to the fact that the stiffness of the porous material (Young's modulus) decreases. Regarding the yield strength, the explanation is a bit more complex. At lower values of P c and T s , not only the level of porosity increases, but also the shape of the porous is sharper (lower values of elongation factor, see Table 1 ), which leads to higher level of stress concentration around pores. Both factors lead to greater probability of plastic deformation and, consequently, lower values of yield strength. From the obtained stress-strain curves, the average response for each porous material is summarized in Table 3 , where the predicted Young's modulus and the 0.2% offset yield strength are listed in terms of overall average ± standard deviation. Notice that, in the results obtained from the simulations, the corresponding standard deviation for each case has been included. Thanks to the low computational cost of the proposed FE model, an important number of simulations can be carried out to obtain more feasible and representative predictions. As previously mentioned, five different geometries have been generated for each porous material under study. Consequently, from these five "virtual experiments", we can obtain an average value and a standard deviation for each prediction. In order to illustrate this effect, the contour plots of the von Mises stress at 1% macroscopic strain, for two different cases are analyzed and presented in Figure 6 . They are the extreme cases of the "representative" models presented in Figure 4 , corresponding to the highest and the lowest porosity levels, respectively. The first case corresponds to processing variables of T s = 1000 • C, P c = 0 MPa, with a porosity level of θ = 43%, while the second case corresponds to processing variables of T s = 1300 • C, P c = 38.5 MPa, with a porosity level of θ = 12%. When comparing both cases, it can be seen that in the first case (with higher porosity), higher overall stress levels and higher stress concentration around the pores are found.
the porosity level increases and, therefore, the fraction of the matrix bearing stress also decreases. This is due to the fact that the stiffness of the porous material (Young's modulus) decreases. Regarding the yield strength, the explanation is a bit more complex. At lower values of Pc and Ts, not only the level of porosity increases, but also the shape of the porous is sharper (lower values of elongation factor, see Table 1 ), which leads to higher level of stress concentration around pores. Both factors lead to greater probability of plastic deformation and, consequently, lower values of yield strength.
In order to illustrate this effect, the contour plots of the von Mises stress at 1% macroscopic strain, for two different cases are analyzed and presented in Figure 6 . They are the extreme cases of the "representative" models presented in Figure 4 , corresponding to the highest and the lowest porosity levels, respectively. The first case corresponds to processing variables of Ts = 1000 °C, Pc = 0 MPa, with a porosity level of θ = 43%, while the second case corresponds to processing variables of Ts = 1300 °C, Pc = 38.5 MPa, with a porosity level of θ = 12%. When comparing both cases, it can be seen that in the first case (with higher porosity), higher overall stress levels and higher stress concentration around the pores are found. Secondly, regarding the dispersion of the obtained results, it can be concluded that the higher the Pc and Ts, the lower the dispersion in the values of the predicted Young's modulus and yield strength are obtained.
In order to validate the proposed FE model, the results of the simulations are graphically presented in the following figures (Figures 7 and 8) . Firstly, regarding the Young's modulus, the average predicted values (Table 3 ) are compared with the experimental results (Table 2) in Figure 7 , for the different porous materials under study. Additionally, to corroborate the obtained results, the value of the Young's modulus predicted using the Nielsen's model has also been included. Note that in these graphs, the standard deviations of the simulated results by FEM have also been included. Secondly, regarding the dispersion of the obtained results, it can be concluded that the higher the P c and T s , the lower the dispersion in the values of the predicted Young's modulus and yield strength are obtained.
In order to validate the proposed FE model, the results of the simulations are graphically presented in the following figures (Figures 7 and 8) . Firstly, regarding the Young's modulus, the average predicted values (Table 3 ) are compared with the experimental results (Table 2) in Figure 7 , for the different porous materials under study. Additionally, to corroborate the obtained results, the value of the Young's modulus predicted using the Nielsen's model has also been included. Note that in these graphs, the standard deviations of the simulated results by FEM have also been included.
The graphs show a very good agreement between the FE model predictions and the experiments. Furthermore, the results obtained using Nielsen's model confirm the goodness of the proposed FE model. Secondly, regarding the yield strength, the average predicted values (Table 3 ) are compared with the experimental results (Table 2) in Figure 8 for the different porous materials under study. Standard deviation of the simulated results by FEM have also been included. Again, a relatively good agreement between the prediction and the experiments has been achieved. It must be taken into account the difficulty in predicting such a complex property as the yield strength. This mechanical property depends not only on the porosity level, but also-especially-on the distribution, size, and shape of the pores, which lead to important stress concentrations around pores and, consequently, to localized plastic strain.
Some authors have developed models in order to address the relationships between porosity and mechanical strength in sintered materials. One of those approaches [57] is based on the geometric relationship between the porosity and the effective area, by considering pores with a perfectly spherical geometry. Hyun et al. [58] validated their model with results obtained from porous copper by assuming cylindrical-shaped pores with a perpendicular orientation with respect to the direction of the applied load. Additionally, the "simple brick" model [59] assumes cubic pores and determines the relative strength according to the probability of finding a solid fraction of volume. Finally, the model of Griffiths et al. [60] considers porosity as a distribution of spheres and oval ellipsoids including a parameter that represents the pores shape factor. The graphs show a very good agreement between the FE model predictions and the experiments. Furthermore, the results obtained using Nielsen's model confirm the goodness of the proposed FE model. Secondly, regarding the yield strength, the average predicted values (Table 3) are compared with the experimental results (Table 2) in Figure 8 for the different porous materials under study. Standard deviation of the simulated results by FEM have also been included. Again, a relatively good agreement between the prediction and the experiments has been achieved. It must be taken into account the difficulty in predicting such a complex property as the yield strength. This mechanical property depends not only on the porosity level, but also-especially-on the distribution, size, and shape of the pores, which lead to important stress concentrations around pores and, consequently, to localized plastic strain. Some authors have developed models in order to address the relationships between porosity and mechanical strength in sintered materials. One of those approaches [57] is based on the geometric relationship between the porosity and the effective area, by considering pores with a perfectly spherical geometry. Hyun et al. [58] validated their model with results obtained from porous copper by assuming cylindrical-shaped pores with a perpendicular orientation with respect to the direction of the applied load. Additionally, the "simple brick" model [59] assumes cubic pores and determines the relative strength according to the probability of finding a solid fraction of volume. Finally, the model of Griffiths et al. [60] considers porosity as a distribution of spheres and oval ellipsoids including a parameter that represents the pores shape factor.
Conclusions
The following general findings can be drawn from a detailed and extensive study of the influence of both the temperature and the compaction pressure, on the microstructural and mechanical properties of porous samples of commercially pure titanium for bone replacement.
The most suitable stiffness value close enough to the cortical bone (20-25 GPa) was achieved for the porous samples obtained by loose sintering and temperatures between 1000 °C-1100 °C (about 40% of total porosity), so it would become the recommended route considering the viability, feasibility, and implementation costs in the industrial sector. These parameters ensure the production of porous titanium while reducing the stress-shielding phenomenon. Although the mechanical resistance is compromised for these manufacturing conditions, the values obtained (123 MPa) are relatively acceptable (bone: 150-180 MPa). In general, the mechanical behavior of the porous materials obtained by PM routes depends on the content of the total and interconnected 
The most suitable stiffness value close enough to the cortical bone (20-25 GPa) was achieved for the porous samples obtained by loose sintering and temperatures between 1000 • C-1100 • C (about 40% of total porosity), so it would become the recommended route considering the viability, feasibility, and implementation costs in the industrial sector. These parameters ensure the production of porous titanium while reducing the stress-shielding phenomenon. Although the mechanical resistance is compromised for these manufacturing conditions, the values obtained (123 MPa) are relatively acceptable (bone: 150-180 MPa). In general, the mechanical behavior of the porous materials obtained by PM routes depends on the content of the total and interconnected porosity, the quality of the sintering necks, as well as the equivalent diameter and the morphology (shape factor) of the pores.
Regarding the numerical work, an FE model that combines the simplicity of a 2D periodic geometry with the complex information of the pore morphology extracted from experiments has been used. By making use of this FE model, the different porous titanium materials under study have been simulated and their mechanical properties predicted. A very good agreement between predictions and experiments has been found for both mechanical properties, the Young's modulus, and the yield strength. These good results have been confirmed using the analytical model proposed by Nielsen.
